Abstract. Distal tibial fractures are now commonly treated via intermedullary plate fixation due to higher rates of union and lower rates of postoperative complications. However, patient specific bone morphology demands manual deformation of the plate to ensure appropriate fit along the bone contours, and depending on the material of the plate, different outcomes have been reported along with postoperative complications. A comparative analysis of Stainless Steel 316L and Ti-6Al-4V alloys was carried to estimate the safe bending limit for appropriate fits. The results from the ANSYS FEA simulations were validated with experiments based on ASTM F382-99. It is found that SS316L is better suited for large deformations (up to 16˚ in proximal tip and 7.5˚ in distal end) and Ti for smaller deformation contours (up to 3˚ in proximal tip and 1.8˚ in distal end). The results of this study have profound implications for the choice of plates based on preliminary radiographical fracture examinations to ensure better fixation and higher rates of union of distal tibial fractures.
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Introduction:
Nowadays, orthopedic bone plates are available in a variety of shapes and materials. They are usually precontoured to specific anatomic location. From clinical point of view, an anatomically well-fitted plate can greatly facilitate the process of closed reduction in terms of axial and rotational alignment of the main fragments [1] . Furthermore, such a plate may additionally protrude less with a nominal soft-tissue envelope, and therefore minimize soft-tissue impingement/irritations [2] . Studies on fit assessment of distal tibial plates show that only 19% initially fit to the underlying bone [2] as bone morphology is very patient specific. While, from mechanical point of view, a perfect fit between plate and the underlying bone is not necessary, it is still vital to attain the closest possible fit to ensure optimal load transfer [3] . Thus, some precontoured plates need to be deformed during surgery to ensure the appropriate fit. Deformation includes bending and twisting the plate at specific points with specific magnitudes. It is usually done by mechanical apparatus in room temperature, and therefore is considered as cold forming. A comparative study of Stainless Steel 316L and Ti-6Al-4V alloys was carried through this paper to estimate the safe bending limit for appropriate fits. The study includes FEA simulations of the deformation and experimental validation tests based on the standard of ASTM F382-99.
Materials and Methods:
Mechanical properties of biomaterials play a key role in deformability of bone plates. Stainless Steel AISI 316L (ASTM F138 & F139) and Ti-6Al-4V ELI alloy (ASTM F136) are the most recommended biomaterials for bone plates [4] . Both of them are studied in this paper. The standards of ASTM F136-11 [5] , F138-08 [6] and F139-8 [7] have recommended the following minimum mechanical properties for them (Table 1 ). In practice, manufacturers usually consider 5-20% higher amounts of the mentioned mechanical properties for orthopedic bone plates. Regarding the low rate of process and contribution of inertia [8] , the process of bending orthopedic bone plate during surgery is considered semi-static. In order to achieve high accuracy, both materials of the model for the plates are considered linear isotropic in elastic zone and multilinear isotropic (MISO) in plastic. The FEA model has been validated by comparison of results obtained by simulation and experiments. A series of Four point bending experiments were set up according to ISO 9585 [9] and ASTM F382-99 [10] . Figure 1 shows the experimental setup. A load-cell of 2kN and the machine of Instron 5569 were used to apply the load. The load-deflection curves were recorded by means of Instron Bluehill Software.
Figure 1 Experimental setup of the four point bending validation tests
The experiments were simulated by FEA using ANSYS. The force-deflection curves are plotted in Figure 2 . A good agreement between the results of simulations and experiments proves that the numerical model works accurately.
Figure 2 Force-Deflection diagram of four-point-bending test of Stainless Steel 316L distal tibial plate

Results:
The FE model was set up based on the previously reported studies of Schmutz et al [1, 2] . Proposing four criteria for quantitative assessment of anatomical fit between plate and the underlying bone (Figure 3) , they have advised to bend the plate in the criteria of one and/or four if it does not fit to the underlying bone. Also, their studies revealed that less than 2mm and 4mm of bent are usually required in distal end and proximal tip in order.
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Figure 3 Correct surgical alignment of the plate undersurface. The plate is represented by the colour-coded map of the deviations [1]
The setup of Figure 4 was used for both plates after incorporating the relevant materials properties as shown in Table 1 . Static structural analyses were performed in ANSYS Workbench v13.0, and the bending strength and Factor of Safety (FoS) were estimated for the applied experimental loads. Factor of Safety (FoS) is the ratio of ultimate tensile strength to maximum generated tensile stress in the plate. If FoS is less than 1, it shows that the generated stress succeeds the ultimate tensile stress and then the plate will be definitely damaged if it is deformed under these conditions. The damage, which can be generated in any forms of crack or micro-crack, significantly effects on performance of the plate during bone fracture healing.
Figure 4 Bending Configuration of tibial plate in distal end and proximal tip
Regarding the parameter of Ultimate Tensile Strength, the FoS of 2.1 was achieved for the plate of Stainless Steel 316L in both deformations ( Figure 5 ). It shows that the tibial plate of stainless steel 316L can be easily bent in the range suggested by Schmutz et al [1, 2] . These result are in good agreement with a former study by Frankle et al [11] .
Figure 5 Factor of safety of bending the distal tibial plate of Stainless steel 316L for the deflection of 7.5mm in proximal tip and 5.0mm in distal end
Repeating the model on Ti-6Al-4V alloy, it has been revealed that plates of Ti-6Al-4V cannot be bent as well as the plates of stainless steel 316L. Applying the displacements of 2mm in distal end and 4mm in proximal tip gave the FoS of 0.81 and 0.83 which both are less than 1.
Regarding the key role of Ti-Alloy plates in orthopedics [12] and necessity of deforming the plates in cases that they do not fit to the underlying bone [1, 2] , we aimed to find out the optimal parameters of the bending. The parameter of distances between fixed supports and loading points has been studied through this paper. Regarding the trial and errors, the configuration of Figure 6 provides acceptable results. However, it should be noted that due to differences in structure, this result cannot be expanded to other types of plates. Indeed, since the structure of orthopedic plates varies, it is not easy to recommend any specific formula or rule for this purpose. Optimum parameters of bending for any type of plate should be defined independently by either experiment or simulation.
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Figure 6 Modified bending Configuration of tibial plate in distal end and proximal tip
Choice of gripping area in bending of orthopedic bone plate is crucial in terms of its distance from the loading point and its effect on stress concentration. The position of gripping area could cause stress concentration and damage to the plate. However, since bending the plate from either a place between holes or through a hole does not notably change the FoS (Figure 7) , the latter effect is not that significant. In other words, from mechanical properties point of view, distal tibial orthopedic bone plate can be bent everywhere on plate. Of course, other parameters, such as profiles of the threads, which has not been studied in this paper, should be considered carefully.
Figure 7 Bending the distal end of distal tibial plate from a place between two holes (Left) and through a hole (Right)
Conclusion
Although orthopedic bone plates are usually precontoured to specific anatomic location, they do not always fit to the underlying bone. Regarding the clinical considerations, it is recommended to fit the plate to the underlying plate if it does not initially fit. So, the plate should be deformed during surgery if it does not fit initially. For a distal tibial bone plate two criteria of bending distal end and proximal tip are recommended. Bending the plates of Stainless steel 316L and Ti-6Al-4V following both these criteria shows that the plate of stainless steel can tolerate the ensued stress and therefore can be bent easily in advised range. But the plate of Ti-6Al-4V should be treated very carefully in case of bending because of its lower ductility in compare with stainless steel 316L. In other words, it is better not to use Ti-alloy plate if a large deformation is required. If it is inevitable to implant and bend a Ti-alloy orthopedic bone plate, the distance between loading point and gripping area should be increased sufficiently. In addition, since the threads of orthopedic plates play significant role in efficiency of implantation, effect of the deformation on profiles of the threads should be considered independently.
